Changes in the lipid constituents of seeds are believed to be associated with losses of seed viability during storage. The physical properties of lipids in seeds of genetically similar backgrounds but varying ages were compared using differential scanning calorimetry. The technique measures the temperature and energy associated with lipid-melting transitions and is noninvasive. Although differences in the temperature at which lipids melted were sometimes observed among deteriorated and fresh seeds, the direction of the change was inconsistent among species tested. For all species tested except tomato, there was a decrease in the energy associated with the lipid melt in deteriorated samples, and the change occurred at a similar rate as the loss of seed vigor. The data suggest that there are changes in the lipid components of seeds that are associated with seed deterioration and that these changes can be measured using differential scanning calorimetry.
Although the longevity of seeds is enhanced by storage under dry conditions, eventually seeds deteriorate and lose the ability to germinate. The mechanism by which seeds lose their germination potential is not understood well, but most hypotheses involve the breakdown of cell macromolecules (reviewed in ref. 12) . Under dry storage conditions, metabolism is restricted (22) , therefore, it is likely that aging reactions are stochastic. Studies of the effects of oxygen on seed deterioration (6, 10, 12) and of oxygen uptake by dry seeds (21, 22) suggest that the reactions may be oxidative. One of the most commonly cited hypotheses explaining seed deterioration points to lipid peroxidation as the mechanism by which cellular membranes are disrupted (3, 4, 9, 12, 13, 15, 17, 23) .
There are many types of peroxidative reactions in which lipids serve as substrates, but the most commonly cited involve breakage of the ester linkage between the acyl chain and the glycerol backbone (9) or attack of unsaturated bonds of the fatty acid chain (1) . Both triglycerides and polar lipids are subject to these reactions, and, naturally, if these reactions occurred, the chemistry of the lipid components of the seeds would change. Unfortunately, studies of the changes in lipid chemistry with seed deterioration have produced mixed results (3, 4, 9, 10, 12, 13, 15, 17) , such that a consensus 'Funding of this research was provided by a gift from R.J. Reynolds/Nabisco. 310 regarding the importance of lipid peroxidation in seed deterioration has not been reached.
There are several possibilities for why results from studies of chemical changes in lipids with seed deterioration are ambiguous. The mechanism by which seeds age can vary among species, or within the same species, with different storage protocols. Also, important chemical changes in the lipids may not have been detected because of limitations in instrument sensitivity, loss of reactive by-products being measured, and inefficient extraction procedures. Thus, the involvement of lipids in reactions associated with seed deterioration remains an unanswered question.
Early studies demonstrated that the temperature and energy of lipid transitions were dependent on the chemical composition oflipids, specifically the length and level ofunsaturation of fatty acid chains (2, 8) . Conversely, it was reasoned that changes in the physical properties of lipids with time would indicate changes in the chemical composition. Measurements of the physical properties of lipids can be made in vivo using DSC2. To study seed aging, a unique application of DSC was used by which the temperature and energy of lipid transitions were measured for seeds harvested in different years and stored under dry (<30% RH), cool (5 and/or -1 8°C) conditions.
MATERIALS AND METHODS Seed Materials
Seeds from 14 species were used to determine changes in the physical properties of lipids with deterioration during storage under cool, dry conditions. The species include onion (Allium cepa), peanut (Arachis hypogeae), rape (Brassica napus), pepper (Capsicum annuum), watermelon (Citrullus lanatus), soybean (Glycine max), sunflower (Helianthus annuus), lettuce (Lactuca sativa), flax (Linum usitatissimum), tomato (Lycopersicon esculentum), tobacco (Nicotiana tobacum), radish (Raphanus sativus), sesame (Sesamum indicum), and corn (Zea mays). Efforts were made to compare genetically similar seed harvested in different years by comparing seeds of the same cultivar or using sequential generations of the same accession.
For long-term storage studies (11-31 years), seeds were retrieved from the vaults of the NSSL where they had been stored at about 5% moisture at 5°C (before 1978) and -18°C (after 1978). Seeds were selected on the basis ofseveral criteria: (a) species with seeds having >15% lipid (because measurement of lipid transitions in seeds with less lipid is difficult), (b) accessions that had been harvested in the 1950s, 1960s, or 1970s and reproduced in the 1980s, with seeds from both harvest dates having high initial viabilities (>90% germination), and (c) accessions harvested in earlier years having reduced germination in the 1980s (most often, <50% germination). For these experiments, seed germination percentages were determined by standard Association of Official Seed Analysts rules.
In studies in which lipid properties were compared to seed vigor, commercially grown seeds of the same cultivar, harvested in different years within a 20-year period, were used. Soybean ( (1980, 1984, 1986, 1987 
Lipid Extraction
To determine whether lipid properties in vivo were similar to those of extracted lipids, calorimetry measurements were also performed on extracted lipid samples of accessions harvested in the 1960s and 1980s. Lipid extractions were only possible on a few combinations of accessions because of the small supply of seed available. A quantitative bulk lipid sample was prepared by soaking 1 to 2 g of ground seed in a chloroform:methanol (2: 1) solution, washing with 0.9% NaCl in water, and collecting the organic phase. This procedure was repeated twice, the organic phases were combined, and the solvent was evaporated. A 5-to 8-mg sample of the extracted lipid was then hermetically sealed into aluminum DSC pans, and thermograms were measured as described above. DSC scans of extracted lipids were repeated twice.
RESULTS
Changes in the physical properties of lipids in stored seeds were measured by comparing DSC thermograms of genetically similar seeds harvested at different times and stored under dry, cool conditions. The seeds used in this study were originally harvested 11 to 31 years ago and had high germination percentages at that time. In the early 1980s, germination of the seeds stored at the NSSL was observed to decline and, consequently, the accessions were regrown. The next generation of the accession is labeled with a ".02" or ".03" extension on the serial number. Harvest years for the original and regrown seed sample are given in Table I .
Representative thermograms of seed samples harvested within 31 years of each other are given for eight different accessions in Figures 1 through 4 . In healthier seeds (those harvested in the 1980s), there is typically a series of pretransitions between -100 and -60°C. These are believed to be glass transitions of the triglyceride phase because they are not present in seeds containing <2% lipid and can be eliminated by annealing at -60°C (18) . The effect of annealing at -65°C is demonstrated for lettuce seeds in Figure 5 . The first-order melt of the lipids within the seed occurs between -55 and +20°C, and depending on the lipid composition, may be a single peak or a series of peaks.
There are several qualitative differences between thermograms of older and fresh seeds of a given accession; the nature of these shape changes are grouped into four categories. In a few selections, there were no discernible differences between the shape of the thermogram of the older and the fresher seed ( Fig. 1 (Fig. 1B) . Each thermogram has the glass transition at about -95°C and a multishouldered peak beginning at about -50°C.
In most species studied, there was a series of transitions between -100 and -60°C that has been attributed to glass transitions in the lipid phase (18; Fig. 5 ). For several accessions, the premelting transitions of the seeds harvested in the 1980s were more complicated than those of the seeds harvested in earlier years, possessing several endothermic events and a sharp devitrification (exothermic) event (Fig. 2) . Ther- mograms from older seeds had a single broad premelting endotherm ( Fig. 2A) and had a shallow (Fig. 2B) or no ( Fig.  2A ) devitrification event. Annealing at -65°C resulted in greater peak definition in older seed samples (Fig. 5A ), but it did not affect the baseline ofthe thermogram, as was observed for fresher samples (Fig. 5B) . Changes in the glass-forming tendencies among fresh and older seed were most notable in accessions of onion and lettuce; however, similar trends were also noted in some accessions of sunflower, corn, watermelon, and pepper.
Changes in the glass transitions were not the only qualitative difference observable in the lipid properties of deteriorated seeds harvested in the 1950s, 1960s, and 1970s. Endothermic peaks from seeds harvested in 1960 lacked definition compared with the fresher seeds harvested in 1980 (e.g. in lettuce, Fig. 2A ) and resulted in the loss of peak resolution in species with lipids possessing multiple peaked melting transitions, as was most apparent for seeds of watermelon (Fig. 3A) but was also noticeable for corn (Fig. 3B) , sunflower, peanut, and flax.
In some instances, melting thermograms of lipids from older seeds had fewer peaks compared with the same accession harvested in the 1980s. This was apparent in peanuts ( Fig.  4A ) and flax (Fig. 4B) .
In most cases, the qualitative differences in thermograms for fresh and deteriorated seeds reflected quantitative differences in the temperature and/or the energy of the lipid transition (Table I ). There were some differences in the onset temperature of the lipid transition between the accessions harvested at different dates, but these differences were slight, and there was no apparent trend among species (Table I) . The onset temperature of the lipid-melting transition was higher in deteriorated samples of sunflower, lettuce, flax, and corn compared with the fresher samples. The onset temperature was slightly lower in deteriorated samples of soybean and radish. For most of the combinations tested, there were no differences between the onset temperature of older and fresher samples (Table I) . There was a notable trend between the energy of the lipid transition and time of storage: the energy of the transition was less in older samples for all species tested except tomato (Table I) , and the differences were larger when there was a large difference in percentage germination. Small reductions in the transition enthalpy were observed when there was a small difference in percentage germination. In Table I) .
To establish whether the differences in the lipid transitions between older and fresh seeds were a result of changes in lipid composition or lipid organization in vivo, DSC thermograms of lipids extracted from pairs of seed accessions were compared (Table II) . Lipids extracted from onion and lettuce seeds showed trends similar to lipids in vivo. Thermograms of lipids extracted from older seeds lacked definition, whereas the thermograms oflipids extracted from fresher seeds showed sharp peaks and pretransition events (thermograms not presented). For rape and tomato, there were no qualitative differences noticeable between lipids extracted from seeds harvested at the two dates; however, as usually seen for lipids in vivo, the energy of the transition of lipids extracted from rape and tomato seeds was slightly less in deteriorated samples compared with the fresh ones. In rape, this difference was not significant.
Differences between the melting energies of lipids extracted from older and fresh samples were most evident for onion and lettuce in which the energy of the 1960s' sample was 60 to 70% of the energy of the fresh sample. However, prepara- tion of extracted lipid samples from the deteriorated onion and lettuce seed was difficult because a precipitate formed during the removal of the organic solvent and could not be washed from the extract by the NaCl solution. This observation, and the apparent increase in lipid content in the samples harvested in 1960 (Table II) , suggests that the extracted lipid samples of the lettuce and onion were impure. At least some of the difference between the transition enthalpy of lipid extracted from the onion and lettuce seeds harvested in the 1960s and 1980s can be attributed to the presence of nonlipid materials in the preparation.
The previous experiments showed that there were differences in the energy of the lipid transition between genetically similar seeds harvested during a 3 1-year span. However, they did not show whether the changes in the physical properties of the lipids occurred while the seed was deteriorating or after the seed had lost viability. To study this. lipid properties of soybean (cv Williams), watermelon (cv Sugar Baby), and onion (cv Sweet Spanish) seeds harvested in different years during a 20-year period were measured to determine whether there was a progressive decrease in the energy of the lipid transition as a course of storage time. Unlike comparisons of thermograms of seeds harvested during the 31-year period (Figs. 1-4) , the qualitative features of the thermograms of seeds harvested during shorter periods were indistinguishable (thermograms not shown). However, there was a progressive decrease in the energy ofthe lipid transition that corresponded to the progressive decrease in viability of the seeds (Fig. 6) . 
DISCUSSION
The purpose ofthese experiments was to determine whether changes in the lipid constituents of seeds correspond to their loss of viability during storage under cool, dry conditions. This was done by comparing DSC thermograms of intact seeds and the viability of seeds of similar genetic backgrounds but of varying ages. Inherent in this study is the assumption that the physical properties of lipids of seeds harvested in the 1950s, 1960s, and 1970s were initially similar to those reported for their counterparts harvested in the 1980s and that they changed over the years. Comparisons of DSC thermograms for seeds harvested within a 31-year span showed some differences in the glass-forming tendencies and in the firstorder melting behavior of lipids (Figs. 1-5 ). Endothermic peaks in the thermograms of seeds harvested in the 1980s were sharper than those of seeds harvested in earlier decades.
Differences in the thermal behavior of lipids were most obvious when comparing fresh seed with badly deteriorated seeds (Figs. 1-4 (Fig. 6) . The progressive decrease in the energy of the melting endotherm occurred at a similar rate as the loss of vigor (Fig. 6 ) and suggests that changes in lipids occur during the process of seed aging and not as a result of seed mortality. This conclusion is also supported by data presented in Table I for watermelon and flax for which three harvest dates are available: the transition enthalpies are significantly less for the older samples compared with the fresher samples, and the transition enthalpies of seeds harvested at the intermediate date is between the values of the older and fresher seeds.
Because loss of seed viability and reduction of the energy of the lipid melt occur concurrently, it is tempting to suggest that the mechanisms involved for the two phenomena are similar. However, the lipids that give the melting transition signal measured with DSC are probably storage lipids, because similar transitions are not observed in seeds with about 2% lipid, and the transitions change only slightly with water content (19) . It is unlikely that changes observed in the triglycerides are responsible for changes in seed viability; yet, it is possible that membrane lipids are susceptible to the same reactions. It has been suggested that changes in membrane lipids are involved in the loss of viability of stored seeds (3, 4, 9, 12, 15, 17, 23) , but measurements of the changes in the properties of membranes in vivo have not been possible using this technique. The mechanism by which the physical properties of storage lipids changed is unknown. Two hypotheses are suggested: (a) the chemical composition of lipids is altered during storage and/or (b) the physical arrangement of the lipids changes during storage.
Peroxidative reactions in which the ester linkage between the glycerol backbone and the fatty acyl chain is broken or where unsaturated bonds are attacked by free radicals are likely to be involved in changes in chemical composition of lipids during seed deterioration (1, 9, 12, 23) , and chemical analyses are underway to verify these potential changes. Documentation of chemical changes of lipids from deteriorating seeds has been conflicting (3, 4, 9, 10, 12, 13, 15, 17) . The data derived from DSC experiments give us few insights concerning the chemical changes that may have occurred during seed aging. Changes in the Tm are inconsistent among species. Reductions in the energy of the melt would imply either scissions of the fatty acyl chains or increased unsaturation (2), the latter reaction being highly unlikely.
An alternate hypothesis, that the physical arrangement of lipids changed during seed deterioration, is supported by much of the data presented here. This hypothesis would predict that there is a change in the amount of lipid associated with nonlipid components as seeds deteriorate. Adsorption of foreign materials is known to reduce the enthalpy of fusion of pure substances and to change the Tm slightly (1 1), and these phenomena have been used to document changes in the properties of water adsorbed onto surfaces (20) . The hypothesis implies that there is an increased mixing of oil from lipid bodies with constituents not initially contained in the oil droplets and these added constituents are by-products of peroxidation. This hypothesis is supported by observations that (a) lipid droplets in lettuce seeds coalesce during free radical-induced deterioration (14) ; (b) proteins become increasingly associated with lipids as peanut flour becomes rancid (5, 16) , and this interaction reduces the activity of enzymes (7) ; and (c) there is an apparent increase in extractable elements in the hydrophobic phase of onion and lettuce seed harvested in the 1960s compared with the 1980s (Table  II) . The general trend toward a decrease in the enthalpy of lipids in vivo with storage time is predicted by the hypothesis that there is an increasing association of triglycerides with byproducts of peroxidation as seeds deteriorate.
For fresh lettuce, onion, and rape seeds, the energy of the lipid transition of extracted lipid and lipid in vivo are comparable (between 66 and 77 J/g oil) (cf Table I with Table   II) ; however, for fresh tomato, the energy of the melt of lipids in vivo is much less than the energy of the melt of extracted lipids, 48 J/g versus 78 J/g, respectively (cf. Table I with Table   II ). By the proposed hypothesis, this would suggest that the lipids in fresh tomatoes are already associated with nonlipid components and that further association during seed deterioration would go undetected by DSC measurements.
Changes in the physical properties of lipids occur in deteriorating seeds and can be detected by measuring the energy of the melting transition of triglycerides. For most species tested, the transition enthalpy decreases with the progress of seed aging. The mechanisms by which the calorimetric properties ofthe lipids change is not understood; but, it is suggested that reductions in the transition enthalpy are a result of the introduction of impurities into the lipid matrix in the form of oxidation by-products.
